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ABSTRACT

A robotic end effector has been developed that is
capable of performing fly-by, electromagnetic
non-destructive evaluation (NDE) and visual inspection of
theinside of the U.S. Department of Energy’ s waste
storage tanks. Furthermore, the system is aso capable of
sizing defects through its unique NDE technique,
Alternating Current Field Measurement (ACFM).> The
NDE datais recorded and logged electronically and is
tagged with the position data from the deploying
manipulator, allowing a complete mapping of the tank
walls and future return to defect sites.

[. INTRODUCTION

The waste that has resulted from the nuclear weapons
research and manufacturing processes of the past fifty years
has long been stored in large, underground tanks. These
waste storage tanks can be as large as 40 ft. deep by 80 ft.
in diameter, and capable of storing as much as one million
gallons of waste. Many of these tanks are now believed to
be in various stages of decay. Cracks, corrosion, or other
structural damage could result in the release of highly toxic
substances into the environment. To date, detailed
knowledge of the structural integrity of these tanks has not
been possible because of both the environment within the
tanks, and the shortcomings of existing non-destructive
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evaluation (NDE) techniques. A new technique for
inspecting and determining the structural integrity of the
tank wallsisthe subject of this paper.

1. PROBLEM

Defects may be hidden or obscured by waste deposits
and hence not visible to the human eye through avideo
monitor. Therefore, it isdesirableto inspect viaNDE as
large an area of the tank wall as possible, in the shortest
time possible. Additionally, it isimportant for both safety
and planning reasons to understand the physical dimensions
of any defect detected. Traditional methods of NDE are
not viable for this type of large scale inspection.

1. SOLUTION

Oceaneering Space Systems (OSS) has resolved the
problems relating to waste storage tank inspection by
combining a unique el ectromagnetic inspection technique
(Alternating Current Field Measurement, ACFM) with a
compact vision and lighting subsystem, and an integrated
mechanical deployment subsystem. This Robotic Tank
Inspection End Effector (RTIEE) is capable of severa
different inspection modes: (1) visual inspection, (2)
detailed, quantified NDE, and (3) fly-by, which isalower
fidelity NDE performed while the manipulator isin motion
and moving the RTIEE, at some standoff, across the surface
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of thetank wall. In each case, all inspection data can be
recorded both to the computer’ s hard drive and to video
tape. Importantly, the inspection datais linked with
manipulator position data.

When the RTIEE is moved, or “flown”, across the surface
of the tank wall, it acquires both ACFM and visua
inspection data. The ACFM data display scrolls across the
screen in sync with the manipulator’ s motion and the real-
time video. Manipulator position dataisintegrated into
both the el ectromagnetic and video data streams, which
allows later return to any points of interest; i.e., defect.
Alternatively, the fly-by inspection can be halted at a
detected defect, and the RTIEE can be landed over the
defect for a detailed, quantitative inspection.

ACFM isuniquely capable of both detecting and sizing
defectsin any conducting material. Inthe RTIEE, ACFM
sensor coils are mounted in a 96 coil array that is protected
by a.010" stainless steel plate. This sensor array isdriven
across the RTIEE scanning frame for a detailed, quantified
ingpection of a3'x 3" area. The datafrom this detailed
scan is used to size any detected defect. Figure 1 showsthe
RTIEE sensor head deployed by a precision manipulator,
performing afly-by inspection on a 1/4" carbon stedl plate.
Note that the size and geometry of the array, the scanning
mechanism, and the end effector itself are limited by the
dimensions of available access ports and risersin the waste
tanks.

Figure 1: RTIEE sensor flying over 1/4" welded plate.

IV. APPLICATIONS AND BENEFITS

® FElectromagnetic inspection datais combined with
visual data and manipulator position datato create a
comprehensive and repeatable inspection record.

® Inspection can be conducted on the fly at speeds up to
lin/sec in the prototype, and even faster in subsequent
systems. Standoff distance is dependent on the size of
the target defect.

e Determining the structura integrity of large portions of
the waste storage tank wallsis possible in arelatively
short time, without exposing personne to a hazardous
environment or introducing secondary waste into the
tank (Lin./sec. =5 ft./min.; with a6" swath=2.5
ft¥/min.)

® Thecylindrical, 10.5" diameter end effector geometry
is designed to be deployed by the Light Duty Utility
Arm (LDUA, or similar manipulator) through a 12"
diameter accessriser.

® ACFM caningpect any conducting material, through
non-conducting layersif necessary.

® ACFM has significant advantages over traditional
NDE technologies: unlike X-Ray, ACFM isabenign
€l ectromagnetic technique; unlike ultrasonics, ACFM
does not produce secondary waste in the form of
coupling fluid or gels; ACFM does not require direct
electrical contact with the tank wall, and can both
detect and size defects; ACFM isfar less sengitiveto
standoff and mis-orientation than eddy current, and it
can be used through most coatings and layers.

V. ALTERNATING CURRENT FIELD
MEASUREMENT (ACFM)

ACFM isan electromagnetic NDE technique that has
been specifically developed to overcome the shortcomings
of eddy current techniques. ACFM combines the ability of
the Alternating Current Potential Drop (ACPD) technique
to size defects without prior calibration, with the ability of
eddy current to work without electrical contact. Thisis
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achieved by inducing auniform AC field in the target
material and measuring the magnetic fields above the
specimen. The uniform current flow can be modeled
analyticaly, thus making the field response predictable and
allowing characterization and sizing of defects. The use of
the uniform field encourages the production of arrays of
coilsto cover large areas simultaneously even when
relatively small defects are targeted.

V1. DESCRIPTION OF THE RTIEE

Figure 2 shows the full RTIEE prototype deployed by
an OSS manipulator arm. A mockup waste tank wall can
be seen to theleft. Five subsystems make up the RTIEE:
camera and lights, end effector body, ACFM sensor,
software and operator interface, and data transfer system.

Figure 2: RTIEE deployed by OSS manipulator.
A. The Cameraand Lights Subsystem

A CCD camerais mounted on the centerline of the end
effector body. A motor driven lensis attached to the
camera and awide angle lens adaptor is attached to the
lens. Thelens adaptor increases the wide angle field of
view to 56.6 degrees. This allows the operator to view the
back of the scanning frame (useful when seeking contact
with the tank wall), as well as view a distant object in
telephoto mode without any of the scanning frame
obstructing the view (useful for identifying potential
inspection sites on the tank wall). Figure 3 showsthe
camera view when the end effector is pushed up against a
wall; the status indicators for landing are shown in the

upper right corner of the screen indicating nominal
compression of all 3 struts.

The lighting system consists of two setsof lamps. The
near set, mounted on either side of the camera, illuminate
the rear of the scanner frame and the tank wall being
inspected. The far set, mounted on the front face of the
scanner frame, illuminate distant objects and are not used
during stationary inspections. The remote iris, zoom, focus,
and theintensity of al lamps are controlled by the operator
from the operator interface screen. Local control logic
circuitry mounted in the at-tank enclosure supports these
functions, aswell as the motor controller for the scanner.
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Figure 3: Cameraview when RTIEE islanded on atank
wall.

B. TheEnd Effector Body Subsystem

The body consists of three main areas: the main body
(cylindrical shell), the compression rods, and the scanner
frame. The main body attaches to the Light Duty Utility
Arm (LDUA) manipulator through the Tool Interface Plate
(TIP). Three struts protrude from the opposite end of the
main body and connect the scanner frame with the main
body. These struts provide a compliant link to the main
body, alowing the operator to land on the tank wall with up
to 15 degree misalignment and within a 3 inch stroke range.
The struts provide spring resistance after landing, and
frictional damping of the LDUA against the tank wall.
Because the atmosphere inside some tanks may create the
danger of ignition, all components that could produce a
spark are housed within a positive pressure containment
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vessdl. Thisincludes the camera, lights, scanner motor,
array electronics, and induction coils.

The scanner frame carriesthe ACFM sensor array. The
array isdriven up and down by a cable drive system. This
cable drive system is connected to a stepper motor that is
geared down through a non-backdriveable worm gear
arrangement. The cable system minimizesthe locationsin
which tank debris could become lodged, is highly efficient,
and eliminates the potential for mechanical jamming. The
scanner frame carries the two near light assemblies. The
spot reflector far lights are mounted on the bottom of the
front face of the array frame.

The components of the end effector are designed for
replacement in a glove box environment. Each component
with limited radiation life is designed into amodule that is
replaceable with simple tools and hand operations. Besides
the electrical systems, all itemsthat do not have to be
exposed to the environment of contaminants and potentially
corrosive vapors are housed within the pressurized
volumes in the end effector.

Figure 4 shows a close up of the end effector scanner
frame. Thefar lights, excitation solenoids, and ACFM
array are visible. The sensor array carriage can be seenin
the lower half of the scanner frame.

Figure 4: RTIEE scanner frame.

C. The Software and Operator Interface Subsystem

The control and interface software was developed and
written using Microsoft Visual C. The software
architecture consists of specifically written modules
combined in arobust and hierarchical manner. The
operator controls the end effector using a customized
graphical user interface (GUI). Figure 5 showsthe
operator interface screen. Mouse activated menus and
control buttons surround the video window. All RTIEE
lighting and camera functions are accessible from the on-
screen control buttons. Data acquisition functions, data
analysistools, and system parameters are accessible
through the pull down menus. The data analysis tools
provide an interactive interface for detecting and sizing
defects. ACFM scan datais represented as both afalse
color image and asa 2-D plot. The user selects areas of
interest, and by specifying data points that represent defect
magnetic signature features, the software analysis tools
determine and report the size and depth of the defect.

All fly-by scan data and detailed quantitative NDE scan
datais linked together in a historical database and used to
generate atank wall map. The tank wall map provides a
high level map of the tank wall that shows which areas of
the tank wall have been inspected, and the condition of the
tank wall. It also provides an interface for the user to
browse through the large quantity of inspection data.
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Figure 5: RTIEE operator interface screen.

D. The ACFM Sensor Subsystem
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The sensor system consists of two main components,
the sensor array and the data acquisition electronics. The
sensor array is made up of 64 Bz coils and 32 Bx coils
arranged in three rows (one set of 32 larger Bz coilsis used
for coarse fly-by inspection in a6" swath, and the other
smaller Bz coils and the Bx coils are used for detailed
stationary inspections). Behind each row of coilsisa
printed circuit board (pch) populated with multiplexing and
signal processing components. Each pcb is connected viaa
trangition pcb to an umbilical. The umbilical connector and
all the boards are mounted inside a carbon steel box located
in the sensor array carriage. The umbilical connectsthe
array to the data acquisition electronics. To protect the
electronics and save cost, the data acquisition electronics
are loaded outside of the tank environment in the At Tank
Enclosure, which is connected to the control computer viaa
seria line,

The ACFM array inspects by inducing AC fields into the
target material, in this case metal plate, and sensing
disturbances in the field with sensor coils that are scanned
over the plate. By referencing a theoretical model of the
field and a data look-up table, the system can then size the
defects. The prototype end effector includes three sets of
solenoids that provide three orthogonal input fields (X, Y,
and Z) and two orientations of sensor coil (Bx and Bz) to
measure the different components of the magnetic field
abovethe plate. The Z field solenoid is wound around the
array carriage whilethe X and Y field solenoids are
mounted along the sides of the scanning window.

The variation in the magnetic field caused by most defects
isvery small compared to the general field, soa
normalization procedure is used to highlight the defect
signa. Experimentation indicates that normalization of the
whole scan areais the most effective method for stationary
scans. To accomplish this, a complete scan of the 3" by 3"
detail window on aknown good plate is subtracted from all
scans of similar material. This method has the additional
advantage of removing all repeatable field variations
caused by the presence of the structure of the end effector
which surrounds the array. Normalization for fly-by scans
consists of taking a single set of readings above a known
good plate area, which is then automatically subtracted
during the fly-by scan. A plate suitable for normalization

would be made of the same grade of stedl asthe tank wall,
and be the same thickness; it would also be of alarge
enough areato prevent the plate edges from disturbing the
field produced by the end effector (currently thissizeis
about 14"x14"). The normalization procedure need not be
repeated once a suitable material has been scanned for
archival as normalization data.

VII. TEST RESULTS

A. Fly-By Inspection

Fly-by inspection isthe feature of the RTIEE that is
used to inspect large areas for defects. In fly-by mode, the
RTIEE collects NDE data while the robotic manipulator is
in motion. Bz sensor coils are continuoudly interrogated
using X and Y fields. Thisallowsthe RTIEE system to
detect defects such as cracks in any orientation because
even if acrack lies parallel to the direction of the current
induced by one field, which would result in avery small
field disturbance in that direction, it will still be detected in
the presence of the other field. Scan data from both fields
are displayed to the user in real time. Suspected defects
can be flagged by the user for future inspection and
analysis, or inspected in detail at the time of detection.

The resolution of the fly-by inspection is dependent upon
velocity of the manipulator and the distance between the
tank wall and the end effector sensors. The current RTIEE
data acquisition system is capable of collecting two
complete scansin one second. This resultsin the ability to
detect a1 inch crack at a1 inch standoff while the robot
manipulator ismoving at 1 inch/sec. Work is currently
underway to increase the throughput of the data acquisition
system, which will allow higher manipulator velocities, up
to 2 in/sec, for fly-by inspections.

B. Defect Detection and Analysis

Asdiscussed previoudy, ACFM relieson the
imposition of a uniform current field into the materia to be
inspected. Thus the disturbance of the field by a defect can
be modeled analytically; the validity of the analytical model
is dependent on skin depth. The smaller the defect that can
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be confidently characterized, the greater the accuracy of the
assessment of the structural integrity of the tank wall.
There are two aspects to this detection and sizing
capability: the first is the ability of the operator to detect the
presence of a defect in the magnetic field shown on the
screen; the second is the accuracy of the agorithm that
sizes the defect based on the amplitude and position of the
disturbancesin the various fields. The RTIEE design
incorporates interactive detection and location agorithms
to provide the operator with areal time graphical depiction
of the condition of the tank wall. Analytical tools built into
the RTIEE software are used to size adefect. Thesetools,
or models, were created by determining the relationship
between the disturbance of each field and the defect, and by
running the theoretical model for all combinations of defect
sizes against these relationships, and creating a look-up
table of the results. This modeling greatly reduces the cost
of developing an inspection tool by reducing the number of
test plates required to calibrate the system to one.

The RTIEE detection and sizing algorithms use
combinations of field and sensor data that depend on the
material being inspected. Figure 6 shows the disturbance of
the X-Bz field asit flows around and into a defect in a
carbon steel plate. These experimental results closely
match the response predicted by the analytical model, and
illustrate the peak/trough pair seen by aBz sensor. The Z-
Bz disturbance is not modeled, but it is such a strong
response that the RTIEE usesit to detect corrosion pits;
sizing is still accomplished with the X-Bz and X-Bz
combinations. In another carbon steel example, the X-Bz
dataisfirst examined by the operator for peak-trough pairs
as shown at the top right of the screen in Figure 7. Having
identified this, a peak can be located in the X-Bx data (top
left of the screen) which will fall midway on a straight line
between the X-Bz features. The locations of the X-Bz
features are used to evaluate the length of the crack, while
the amplitude of the X-Bx feature is used to calculate the
feature depth.
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Figure 6: Model of an X-Bz field in the presence of a
defect.
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Figure 7: Defect analysis screen showing X-Bz, X-Bx, and
sizing data.

This robust approach to defect detection and sizing is only
limited by the practicalities of field deployment.
Essentially, small defects produce small field disturbances
which decay close to the surface of the steel. Therefore if
small defects need to be detected then the sensor head must
scan, asagenera rule, not more than one pit diameter or
crack length away from the material surface. The type of
stedl in the tank wall can aso affect results. Stainless steel
represents adlightly different challenge than carbon steel
because at the inspection field frequency used by the
RTIEE (5KH2z) the material has a significant skin depth
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(about .22" as opposed to .005" in carbon steel). Thisskin
depth has the advantage of allowing the RTIEE to detect
subsurface features, but reduces the surface sensitivity
compared to mild steel with avery shallow skin depth.
Results for the inspection of carbon steel by the RTIEE are
reported in Hughes and Gittleman, 1995. The RTIEE can
detect and size defects as small as .125"

VIIl. OPERATIONS

The RTIEE is designed to operate in the extremely
hazardous environment of the DOE’ s waste storage tanks.
Ongoing modifications will give the system a 1x10° rad
life, are making it intrinsically explosion proof, and will
provide protection from the corrosive environment inside
the tanks (ph levels from 1-14). More importantly, the
RTIEE is perhaps the only means by which very large
portions of the surface area of these waste tanks can be
inspected. At its current fly-by rate of 1 in./sec., the RTIEE
can inspect 2.5 ft#min.; at the expected next generation rate
of 2in./sec., this could increaseto 5 ft¥/min. A 40' deep by
80" diameter storage tank has a total surface area of
approximately 10,000 ft2. If one half of this area required
inspection, the inspection time required by the next
generation RTIEE could be as little as 17 hours, and the
entire inspection record would be held in an integrated tank
wall map data base.

IX. CONCLUSION

The RTIEE provides asingle unit solution for visua
and NDE tank inspections performed by robotic systems. It
successfully incorporates a vision subsystem, lighting
subsystem, fine positioning subsystem, ACFM NDE
technology, and data analysis software into one integrated
system. The RTIEE system has been successfully
demonstrated in a series of manipulator testsusing a
laboratory waste tank wall mockup. During laboratory
tests, operators used the RTIEE to visualy identify an area
of potential corrosion attack, perform afly-by NDE
inspection to detect a defect, and then perform a detailed,
quantified electro magnetic inspection of that area. The
ingpection was accomplished with the compliant scanner
frame, but not the ACFM coils, in contact with the tank
wall. The current ACFM sensor and defect sizing software

configuration has proved capable of detecting and sizing
defects on stainless and carbon steel as small as0.125".
Furthermore, the technology developed as part of this effort
isintrinsically reconfigurable, and could be modified to
provide the same type of inspection service to awide
variety of applications.
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